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' ThIS 1r1vent10n relates to i

phase, -and is more part1eularly directed to such improved

~ metal compositions comprising (1) a continuous phase

. of a metal, said metal having a melting point above 600°

C. and an oxide with a free energy of formation (AF)
at 27° C. of from 35 to 103 kilocalories per gram atom.
of oxygen in the oxide, in which there is dispersed both
(2) from 0.5 to 30% by volume of a discontinuous phase:

\proving the hi nh—tempera— |
ture properties of metals by racorporatmg therein a dis- -
| persmn-hardemng phase and a preelprtatmn-hardemng |
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is molten, so that eastmg beeomes avallable as a
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means

~of fabrreatren of the metal prodaet

The composition claims of the prior apphcatren Serial
No. 93,267 are directed to dispersions of the refractory
oxide in the continuous metal phase without regard to

~ the manner in which the active and inactive metals are
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disposed, relative to each other, in the metal phase. The

claimed compositions have improved high-temperature
| pmpertres by reason of the fact that the refractory oxide

is kept well dispersed by the presence of the active metal.

Now according to the present invention it has been
found that the high-temperature properties. of certain
metals, which have already been improved by inclusion

- of d1spersed refractory oxide particles, can be still further
improved by precipitating therein submicron particles of
certain’ metallides, among which are included sor

e of

 the raetalhdes formable from the inactive and active

20

metals of the prior application Serial No. 93,267, such
as copper aluminide. - The further improvement so ef-
fected is' in magnitude more than a matter of degree,

- and from considerations known to the art this synergistic

of submicron, refractory metal oxide particles having a

- AF at 1000° C. ‘greater than 99, and (3) from 0.05 to
80% by volume of submicron, precipitated particles of

a substance selected from the group consisting of metal

o fcarb1des, borides, nitrides, silicides, aluminides and titan-
ides, and boron nitride and carbide, the oxygen content

of the composition in excess of that present in the said

“. refractory oxide particles being less than 0.5% and pref-

erably less than 0.1% by weight, and is further particu-

larly directed to processes for producing the composi-
tions, said processes comprising (1) preparing a disper-

effect resulting from having both a drspersron-hardenmg -

phase and a preerpltatlon-hardemng phase in the continu-
ous metal phase is entirely unexpected. Moreover, the
proeesses whereby the novel compositions are made re-
quire control of a number of critical conditions Wrthm

; llIIIItS and in a manner not h1thert0 apparent
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sion of from 0.5 to 30% by volume of the refractory

- oxide partrcles in the metal to be improved, this disper-

sion being in powder form and having an excess oxygen
content less than 0.5% by weight, based on the total
ultimate weight of the composition to be produced, (2)

mixing the dispersion powder with the components of -
ed in the metal, the pro-
40

~will herein sometimes be referred to as “the filler.”

- the precipitate phase to be for
portions of said precipitate phase being from 0.05 to

80% by volume, (3) heating the mixture to a tempera-
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PREPARING THE DISPERSION-HARDENED
| METAL o

In produemg a comp esrtron ef the present mventren
the first step is to prepare a dispersion of. suitable - re-
fractory metal oxide particles in a metal. - Such proce- .
dures have already been described in our above-identified

. prior: apphcatlorl and also in our Patent 2,972,529, issued

ture, Ty, higher than the solvus temperature, Ts, of the
‘precipitate phase and holding- at temperature T; until

the components of the precipitate phase have passed into

solution, (4) cooling the solution to a temperature Ty,

~ which is at least 200° C. lower than T, in less than one-
~ hundred seconds, and (5) agmg the so-obtained product
at a temperatere Ta, Wthh is up to 80% of Ts in den‘rees R

absolute.
In the drawing a fanelful representatleu of a rnetal

product of the invention ‘is illustrated, showing in cross
~ section a maftrix metal 1. havmg grain boundaries 2 and_'

containing submicron refractory’ metal oxide- particles 3

~ and submicron precipitate. particles 4. ‘Dimensions shown
are not necessarily to scale and the shapes and numbers

B ef particles are illustrative ‘only. |
In our prior application Serial- No.. 93 267 of whleh

this application.is a eontmuatlon-m-part ‘we ‘have de-

 scribed metal compositions in which a drspersed discon-
tinuous refractory metal _em_de partrele phase is present

in a continuous phase of a so-called “inactive” metal and

 bonding of said metal to the refractory oxide is _mereased".
by havmg present in the continuous phase an “active”

metal.  Active metals are those having an oxide irreduci-

ble by hydrogen below 1000° C. and a AF at 27° C..
greater than 88; inactive metals are those havmg an. oxide
- which can be reduced by hydrogen below 1000° C. and

‘which has a AF at 27° C. less than 88. The effect of
the increased bonding is to make possible the maintenance

o0

- in.the range of 5 to 500 millimicrons..

February 21, 1961, and in Alexander, Yates and West
U.S. Patent 2,949,358, issued August 16, 1960, and any

- of the processes therein described can be used.

The refractory oxide particies dispersed in the | metal

“Filler” is not used to mean an extender or diluent;
rather, it means an essential constituent of the novel com- .
positions which contributes new and unexpected proper-
ties to the metalliferous product

characteristics to give the desired effects. It must:be

_- refraetory——-—that is, it must not melt in the molien metal |

to which itis added——and in géneral, should have a melt-
ing point above 1000° C. It should not sinter or be solu-
ble to any substantial degree in the metal to which it is
to be added. The art is familiar with refractories gener-

BR ally, and one skilled in the art will have no trouble TeCog-
~ nizing a refractory answermg the above dESCI'IptIOD

The ultimate particles. in the filler must be in the eub_—
micron range and preferably have an average dimension
Because there is
a considerable difference of density in various.refractories -

~ the size of the refractory pa: ticles is aptly. defined in
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of an adequate degree of dispersion of the refractory

_: 0x1de partreles even When the centmueus metal phase

“mlicrons.

terms of a density and surface area per unit weight. The

refraetery particles used should have a specific surface

area in the’ range of 6/D to 1200/D squafe meters per

. gram, where D is the density of the particles in grams per N
milliliter.

In the case .of spheroids,.this corresponds to
parficles havmg a diamefer of from 5 to 1000 milii-
Below 5 millimicrons, it is difficult to obtain
dispersions of the particles in metals because of a tend-

- ency to sintering.  Particles larger than 1000 milli-

microns produce brittleness in the metal product and also
do not lead to development of the desired physical prop-
erties in the final metal mixture. -Particles having a sur-
face area in the range of 600/D te 24/D square meters_ |

. perg nram are especially pleferred

It must have certain



| shown in the following table, -

3

- The finely divided refractory can be in the form of
either crystalline or amorphous particles.
can be spherical, particularly in the case of amorphous

materials, or they can have specific crystalline shapes—.

for example, cubes, fibers, platelets and other shapes.
in the case of fibers and plate-like materials, unusual and

beneficial results can be obtained due to the shape factor.

of the particles. For instance, fibers and platelets cause

the molten metals to become very highly viscous at con-

siderably lower volume loadings than are necessary with
spheroids or cubes. On the other hand, to lower the
density of a metal like fungsten, one uses a high volume
loading of a low-density filler such as alumina particles.
When the size of a particle is given in terms of a single
figure, this refers to an average dimension. - For spherical

particles this presents no problem but with anisotropic

particles the size is considered to be one third of the sum
of the three particle dimensions. For example, a fiber
of alumina might be 500 millimicrons long but only 10
millimicrons wide and thmk The size of this particle
weuld be

| 500—!— 10—].— 10
3

or 173 millumcrons, and hence w1th111 the stbmicron
required limit,

The particles can be discrete, individual particles in
the submicron range, or they can be aggregates of smaller
ultimate particles.” Thus, for instance, in the case of
thoria, aggregates up to 500 millimicrons in size can be
made up of ultimate spheroidal particles—say, 17 milli-
microns in diameter. . Aggregates even larger than 1000
millimicrons can be used as starting materials, the im-
portant consideration being the ease with which ultimate
particles less than 1000 Imlhmlcrons in size are formed

during the process.

A refractory oxide, to 1be suifable in the compositions
of this invention, should be relatively non-reducible—that
s, it should not be reduced to the corresponding metal by
hydregen at temperatures below 100(}“ C. or by the metal
in which it is embedded.

The free energy of formation of metal oxides at a
specified temperature is an- indication of the refractory

properties, AF bemg expressed as kilocalories per gram |

atom of oxygen in the oxide. The refractory oxides used

-~ according to the present invention must have a AF at

1000° C. which is above 99. Mixed oxides, especially
those in which each oxide has the characteristics above

The particles
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The following tabulation shows metals having an oxide,

the AF of which is within the specified range from 35 to
103;

e

Metal Oxide |AF of Oxide

at 27° C.

-1s dispersed. It will be understood that other
ing free energies of formation outside the above range

0] 6] 815 v m——————— e CuO..___ - 35
Rhenlum o ReOs3. .__ 45
Nickel o o e e et NiQ_ .. 51
C0ball . e e CoO____.. 52
5 oo ¥« J U FeQ _____.. o &9
Molybdenum _ ___ . _.___ e e MoQO3_ ... 60
NS N e e e ——— WO3. ... 60
Chromium e Cr3O3__.._| 83
ManZanese o e oo MnO.___.. 87

- NIobium e [ NbOq.____| G0

Pantaltum oo e e e e 05 ____ 02
S COM o oo e SiQa___...f 98
AVAzh a1z 16 14510 ¢ SO VO_ .. 99
Pitanium - e L e emcmeieene| TiOg .. 103

All ef the metals included in the above table have
meltmg points above 600° C. and hence can be used as
the continuous metal phase in which the refractory oxide

etals hav-

can be used in addition to and together with the tabulated
metals., Zinc, for instance, can be used as an alley with

‘such metals as copper.

Ina partlcularly preferred aspect of the invention the
maitrix metal is at least one metal selected from the group
consisting of copper, nickel, cobalt, 1r011, melybdenum

- tungsten and chromium.
30

‘The proportion of refractory oxide particles in the con-
tinuous metal phase should be in the range of 0.5 to 30%
by volume, with 1 to 10% being more preferred and 1
to 5% most preferred.

In selecting a refractory oxide for use Wlth a particular
metal certain precautions should be observed. The oxide

| particles should be stable with respect to the metal, that

is, they should have a higher free energy of formation
than the oxides of the matrix metal and a melting point
above that of the matrix metal. The oxide particles
should also be non-reactive with the precipitate phase ulti-

~mately to be introduced. The oxygen content of the

metal-

etal oxide, exclusive of the oxygen in the dispersed

- oxide filler particles, should be low, that is, below 0.5%

45

stated, can be used. Thus, the term “metal oxide filler”

| broadly_ineludes-spinels, such as MgAl,O4 and CaAl;Oy,

and metal aluminates. Typical single oxides which are

useful as the filler include alumina, magnesia, hafnia, and -

the rare earth oxides including thoria. A typical greup
of suitable oxides and their free euergles of fermatlen 18

Oxide; AF at 1000" C.
> ¢ro N 125
o{e S 122
Lﬂgo;g __________________________________ 121
BeO 120
ThOg e e 119
M2O e 112
UOz e i e et T o i A Ak 7w . ot P i e . e e A P e . S e e e 105
1200 P _ 105
ClOs e e 105
ALOg T 104
Lr0y el 100

The confinuous metal phase in which the refractory

oxide is dispersed in.a metal or alloy of two or more

metals at least one of which has a melting proint above

600° C. and a AF at 27° C. of from 35 to 103. It will

~ be seen that this category of metals includes some metals

which have previously been considered “active” and also
some which have previously been classified as “inactive.”

00

e

and preferably below 0.1%. The above-described type
of refractory oxide dispersions in metals can be made,
for instance, according to the processes of our above-
mentioned prior applications and patent. One such
method is to coprecipitate particles of the refractory oxide
from a colloidal dispersion thereof, together with a
hydrous oxide of the metal which is to be the continuous
metal phase, dry the precipitate, and reduce the hydrous

‘metal oxide to the corresponding metal with hydrogen or

an active ‘metal such as sodium or potassium. A reduc-
tion with active metal can, for lnstance, be accomplished
by dispersing the hydrous oxide in a fused salt bath and

_adding the active metal to the melf.

The metal dispersion of refractory oxide is then con-

verted to powder form—if necessary, by grinding or ball

60
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milling. In some methods of preparation the product will
inherently be in pewder form and no further grinding or
other subdmdmg step is required at this point.

The particle size of the filled metal powder is preferably
kept relatively small, that is, less than 500 microns, and
can be as small as one micron. However, powder par-
ticles which have a high surface area (those in which the
ultimate particles are extremely small—less than 10 mi-
crons) tend-to be pyrophoric; hence, it is preferred that
the surface area of the metal powder be less than 10
square meters per gram, less than 2 square meters per

gram being even more preferred. The size of the powder

particles preferably is in the range of from 10 to 50
microns. The size refers to the aggregate structure of the
powder. The powders may be porous—that is, may have

-internal surface area, provided the surface area is less than

10 square meters per gram of powder



INCORPORATING THE PRECIPITATION—
- HARDENING PHASE

The drspersed powder preeared as ]ust described is ac-
‘cording to the present invention next mixed with the -

components of the precipitate phase to be formed in the
~ continuous metal phase.  When reference is' made to

“components” it will be understood that one may employ
substance which is ultimately to serve as the

~ either the

. preerprtate phase or may- use elements or compounds

~which can combine in situ in the subsequent process steps

~ to form the substance Whreh is- the ultrrnate preerprtate
phase. | |

To form a metal product wherern the nltrmate precrpr— '-

tation phase is to be copper aluminide and the continuus

metal phase is to be an alumrnum-eepper alley, for in-

stance, the component added can be copper, since the

- aluminum will combine with some of the copper to form

~ copper aluminide during the pleeess

-p'trtreularly well adapted to use in a melt process such as

- is described in Example 1 of our above-mentioned prior
- application Serial No. 93,267.

‘For . any grven system the preerprtatren phase which is

8,180,727
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examined are heated to a -series of temperatures and held
for three to four hours.  The pieces are then quick-
quenched in water, polished, and the microstructure is

~ examined by conventional techniques for the presence

- precipitate will be seen and the

10 | .
‘the precipitate phase until the components of the precipi-

of the precipitation phase. In some of the pieces no

linimum temperature of

- heating at which no preerpltate is seen 1s called the “selvus_
- temperature.,”

In a preeess ef the 1nvent10n the mlxture is held at a
temperature, Ty, higher than the solvus temperature of

- tate phase have passed into solution. The fact of whether

- be determined easily by visual inspection, but in any event
- a few henrs-n—say, three to four—of heating at tempera-

or nof the various components are in solution can usually

ture T; is sufficient to insure that complete selut1en has:

 been achieved.

- Such a method is

20

~ selected is one in which the-solubility decreases as the

temperature is lowered. Thus, for example, if nickel-
thoria were the metal-metal oxide composition, one might

seleet nickel aluminide, NigAl, as the precipitate by adding
~ from 5 to 10% of aluminum by Werght based on the total
Alternatively, titanium or carbides

30

‘nickel i in the sample.
- of tungsten, molybdenum, chromium, or niobium might
be selected. for nickel-base alloys. - Other examples of the

preerprtattng phase include titanium or the carbides of

- iron, chromium, titanium, or tungsten in iron-base alloys;
aluminide in copper alloys; ‘aluminide, titanide, or the

- carbides of tungsten, ehromrum tantalum, oI nrebrurn n

) " cobalt alloys.

More partrcnlarly, the preerprtate can be a snbstaneea
selected from the group consisting of metal carbides,

- borides, nitrides, silicides, aluminides, and titanides and
~ boron nitride and carbide. It will be understood that

- should be in the range of 0.05 to 80% by volume, prefer-

-~ ably from 0.5 to 60% by volume, with from 20 to 60%
- by volume berng especially preferred |

- The mixing of the dispersion powder with the cO

1p0-

- After all cernpenents of the precipitate phase are in
solution the mixture is quenched. In this quenching op-
eration the temperature to which the mixture is cooled,
T, which is at least 200° C. lower than the solvus tem-
perature, T, must be reached in a time less than one-
hundred seconds. It will be understood, of course, that
the quench can be very rapid and accemplrshed in con-
siderably less than one-hundred seconds and that the tem-
perature T, can be substantially more than 200° C. be-
low the solvus temperature. For most systems water-
quenching is suitable, but the art is familiar with various
quenching technigues and any ef these, such as oil, air-
blast, or air-cool, can he used..

AGING THE PRODUCT

- The quenched metal product, which now centarns both_
tne dispersed refractory exrde._ discontinuous phase and
the discontinuous precipitate phase in the continuous metal

- phase, is aged at a temperature, T,, which is up to the

- vus temperature in degrees absolute.

_ 40
these materials can-be added as such or the elernents of

o wnreh they are constituted can be separately added.
" Whatever the method of introducing the precipitate
-eempenents the ultimate proportion of the precipitate

nents of the preerprtate phase to be formed in the metal

can be accomplished in various ways. In the powder-

B blenr'rn'g method the components of the precipitate phase
are in powder form and are mixed with the powdered, re-

fraetory oxide-filled metal powder prepared as above de-

- scribed. 'The mixture can be .compacted, smtered worked,

solution-treated, and aged Analternative method is a

melt process sneh as is described in. detail in our above-
In

mentioned prior U.S. apphcatlen Serial No. 93,267.
this process the components of the preerprtate phase are
 added to the melt, the melt is quenched, and is subse-
. quently heat-aged to grow the precipitate phase, .

. To modify nickel which has been dlspersren-hardened-
_Wllh thoria, for example, one can blend a nickel-thoria

et

-

60 |

- powder with titanium and/or aluminum powder, Whereby B

after sintering and quenching the product will be precipi-
- tation-hardened with nickel aluminide or titanium alumi-

nide, or ‘one can add the nickel-aluminide or titanium-
aluaunrde pewder i an already reacted form.

THE HEATING AND. QUENMHING STEPS

 Now having mixed the cempenents of the precrprtatron-'_
hardening phase with the refractery—onrde drspersmn— :
hardened phase the next step is to bring the mixture into

solution by heatrng above the solvus temperature. The

09

70

solvus temperature, T, is determined according to con-

 ventional metallurgical preeedures as follows: Small
~ pieces (one-fourth-inch cubes) of the metal system to be

75

| _prlsrng a COIt

solvus temperature and usually is about 80% of: the sol-

the precipitate phase to grow to the desired size, which 1s.
int the range of 5 to 1000 millimicrons.  'When this desired

- size is reached, the aging treatment is discontinued. If

the solvus temperatare of a particular metal system, for

. 'rnstanee, 1s 1000° C,, equwalent to 1273 degrees absolute,

the temperature of aging can be from 636 to 1018 degrees
| ahselute or 363 to 775° C.

‘Representative aging treatments fer partrcular metal sys-'
terns are shown in the fellowrng tabulation.

- | Aging Treatment
~ Metal - Precipitate Phase [Ty, °C.p | R
- - - | - - | Temp., | Time,
N - °C. |  Hrs.
Be . ..l i __. Yron titanide. .o ____| 1,100 | - - 500 | 5
L ) Nickel titanide...___..1 1,160 | 500§ 10
Copper.._..c..._.| Cobalt Alaminide__._| 1,000 | 400 | 10
Do | Copper Aluminide.___| 1,000 - 400 10
Nickel oo ____... Niekel Aluminide_____} 1,200 600 ] 24
Do L Nickel Titanide_______} 1;,2003% . ~ 600 |
Cobalt._________ Cobalt Alaminide..__| 1,300 |~ 650 16
Do Cobalt Titanide___.._,_ _3'1'_.,3{_){]_“ . To |
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TH E NOVEL METAL COMPOSITIONS

The nevel cernpesltrens of the present invention, com-
inuous metal phase in which there are dis-
peised submicron particles of both a refractory oxide and
a precipitate of carbide, boride, nitride, silicide, aluminide,

~or titanide, have exceedingly high strength, resistance to -

creep partreularly at elevated temperature, and resistance.
to oxidation.  Although in this description reference is
made to the continuous phase as being a single metal, it
will be understood that the eontinuous phase ean also be. -

| an alloy of two -or more metals, -

" The precipitated filler partlcles present in the metal-
products of the present invention are dispersed through-
out the metal phase. This dispersion can be demon-
strat_ed using th_e electron microscope and replica tech- -

This agmg causes

24
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niques wherein the surface of a metal piece is ‘polished'

etched, a carbon Iayer is deposited on the etched sur-

face, and the metal is removed by dissolving, for ex-

ample, in-a bromine-ethanol solution. An electron micro-

graph of the remaining carbon replica shows that the

filler particles are uni-formly dispersed throughout the
metal grains.

The electron mlcroscape can also be used to observe
the size and shape of the oxide filler particles which
are also dispersed throughout the metal. In the case
of oxide particles, while they sometimes may be uni-
formly dispersed throughout the metal maftrix, there may

also be volumes of metal which contain no oxide par-
ticles and other volumes in which the oxide particles

are uniformly dispersed. By “uniformly dispersed” is

meant that there is uniform distribution of the refrac-'

3,180,727
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tory particles within any single selected microscopic re-

gion of metal, such regions being about 10 microns in
diameter.
Both the oxide ﬁller particles and preﬂmltated par-

ticles in a product of the invention must be in the size

range of 5 to 1000 millimicrons, preferably should be
1o
10 to 250 millimicrons.

Among the substances preferred as the prempztatﬂ phase
in products of the invention are included the carbides
of silicon, titanium, zircomium, hafnium, niobium, tan-
talum, chromiom, moylbdenum, tungsten, boron, iron,
thorium and other rare earth metals, the nitrides of
boron, silicon, titanium, zirconium, hafnium, cerium, the
other rare earths, and other transition metals, the transi-
tion metal borides, and the silicides, aluminides, and
titanides of copper, iron, cobalt, chromium, manganese,
molybdenum, rhenium, vanadium, niobium, tantalum,
hafnium, titanium, zirconium and tungsten. In describ-
ing products of this invention the oxide filler particles

have been referred to as single, coherent masses of oxide

20

1 5 to 500 millimicrons, and still--preferably: from

30
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surrounded by metal and separated from  other oxide

mass by metal. The particles can, of course, be aggre-
gates of smaller ultimate units which are joined together

to form a structure, but in this event the size of the

~aggregate must be less than 1000 millimicrons.

Because the oxide particles are substantially com-
pletely surrounded by a metal coating which maintains
them separate and discrete they do not come in contact
with one another and thus coalescence and sintering of
the oxide filler material is prevented. |

Metal compositions in which the oxide filler is thoria,
beryllium oxide, magnesium oxide, calcium oXxide, or rare
earth oxide, or a. mixture of oxides of the rare earth

elements of the lanthanum and actinium series have

exceptional stability in elevated-temperature tests such

‘as stress rupture and creep. tests, and hence are preferred-
These materials main-

embodiments of the invention.
tain their properties to a considerably greater extent

than metals filled with silica, for example, even when

the initial hardness obtained during the processing oOp-
eration is similar. The reason for this improvement is
related to the free energy of formation of the filler.

For this reason, preferred compositions of the invention

1peratures—say, above 1000° C,

for use at very high te

40

~and which is the matrix. |
‘component is present in the predominate proportion—

formly dispersed throughout the composition.

invention.. Products which have filler particles in con-
tact with metal grains in the size range below 10
microns are preferred. -

Another preferred specles of the products of the in-
vention comprises a continuous metal matrix in which
the oxide filler particles are non-uniformly dispersed and
in which the precipitated particles are uniformly dis-
persed. These products are also made by powder metal-
Iurgy. The metal grains in the volumes containing the
oxide particles are less than 10 and preferably less than
2 microns in size. In regions which are free of oxide
particles the grain size may be 40 microns, or even larger.
These products are sometimes referred to as products
having an “island structure.” While the term “island
structure” is useful to convey the concept of heterogene-
ous character found in the solid product of this aspect
of the invention, it can also be a misnomer in some in-
stances. For example, there will always be areas (or more
accurately, volumes) of reiractory oxide-filled metal inter-
mingled with areas (or volumes) of metal containing no
oxide particles and it is immaterial which i1s the island
This will depend upon which

that is, the component containing oxide filler particles or
the component containing no such particles. The prod-
ucts having volumes of metal containing no oxide filler
are more ductile than those in which the filler i1s uni-
- It is be-
lieved that this is because in those volumes in which
there are no filler particles the metal grains grow to a
much larger size, such as 40 microns and larger.

- In the island-structured metal products the size and
shape of the filled and unfilled areas can vary over wide
limits.- The characteristics of size and shape are a re-
sult of the size and shape of the metal powders from
which the structures were prepared, as well as the com-
pacting, sintering, working, and annealing steps used In
the preparation.

A preferred class of products of the invention comsists

of high-melting compositions, containing in the continu-

"~ ous metal phase at least one metal from the group con-
~ sisting of iron, cobalt, nickel, mclybdenum, and tungsten.

- These products are especially notable for their very high

strengths at high temperatures such as above 1500° F.

A specifically preferred class of the novel products
consists of alloys containing chromium. These alloys
are surprisingly oxidation resistant. Because they have

 high-temperature strength by reason of the inclusion of

o0

)
It
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——comprise as the dispersed metal oxide particles re-

fractory oxides having a free energy of formation at

-1000° C. greater than 99 kilocalories per gram atom
of oxygen in the oxide. Even more preferable are those

| hawug a AF of from 115 to 123 kilocalories.
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In compositions of the invention prepared by powder |

metallurgy the finely divided oxide filler particles cause
the grain size of the metal in the vicinity of the oxide

filler to be much smaller than is normally the case.

This small grain size persists even after annealing the

product at temperatures in degrees absolute up to 0.8

times that of the melting point of the products. A
grain size below 10 microns, and even below 2 microns,
is common for the powder-metallurgy products of the

with carbon, chrommm,_mckel and iron powders.

the refractory oxide filler and precipitated filler particles,
they are useful at elevated temperatures, for instance, in
the range of 1200 to 1900° F. and in some cases even
higher. Stainless steel alloys are included in this pre-
ferred class. They can be prepared from nickel-iron
masterbatches contammg refractory oxide fillers such as
thoria by a process in which the masterbatch is blended
In a
similar manner, one can make other alloys of chromium
such as 80 Ni—Cr 20, containing thoria as the refrac-

tory oxide and nickel aluminide and/or nickel titanide as .

the precipitate phase., Of this group, iron, nickel, and

cobalt alloys containing from 10 to 25% chromium are

especially preferred.  Specifically, such alloys contain-

ing 90 to 50% of the sum of iron, cobalt, and nickel,

0 to 20% of the sum of molybdenum and tungsten, and
0 to 5% manganese, silicon and niobium, along with 10
to 25% chromium are particularly preferred.

In the above-mentioned chromium alloys, and other

- high-temperature alloys, it is preferred to use very stable

- per gram atom of oxygen in the oxide.
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refractory oxide fillers—that is, the fillers with a high
free energy of formation such as beryllia, calcia, thoria
and rare earth oxides. These fillers have a free energy
of formation at 1600° C. of more than 115 kilocalories
Oxides having
a free energy of formation at 1000° C. of up to 123 are
presently available, and if more stable oxides could be




~ chromium alloys. "

N - Ing both aluminun

~ perature.
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- prepared, they would be included in this class. These
~oxides are preferably used together with a precipitate

~ phase selected from metal tuamdes alumrmdes and car-

brdes

Preferred for use at maximum temperatures are alleys _-

~1In which the continuous phase contains metals having

‘the highest melting points, such as niobium, tantalum,
~ molybdenum, or tungsten, or two or more of these metals.

Since molybdenum and tungsten do not have maximum |

oxidation resistances, these metals are ordinarily not used
Alloys

alone but are useful in alloys with other metals.
of tungsten and molybdenum with other metals such as

nickel, iron, cobalt, chromium, titanium, zirconium, nio-
This

- bium, aluminum, and silicon are especially useful.
preferred group includes such alloys as high-molyb-
“denum steel, nickel-molybdenum steel, molybdenum-iron-

10

15

.persed refractery oXide and copper
| persed preerpltate phase. -

E@

' alumrmde as the dls- |

-~ The first step in the preparation of th1s alloy was to
prepare a dispersion of colloidal alumina in copper metal.
This was done by diluting 652 parts by weight of a 5%

‘solution of colloidal alumina monohydrate fibrils having

a specific surface area of about 300 square meters per
gram, and a fiber length of about 250 millimicrons, to a
total volume of 5 liters with distilled water. -Separately,
2370 grams of copper nitrate trihydrate was dissolved in
5 liters of distilled water, and 3600 cubic centimeters of

a 5 N ammonium hydroxide solution was diluted to a
volume of 5 liters,

- These three solutions were run
simultaneously and at equal rates into the mixing zone
of a reactor equipped with a high-speed stirrer. By means

. of this technique, the colloidal alumina was evenly dis-

nickel alloys, and tungsten-chromium and molybdenum- |

~molybdenum or tungsten with niobium or titanium or
~ with both niobium and titanium. Molybdenum-titanium

Within this class also are alloys of

persed throughout a matrix of copper hydroxide. |
The precipitated copper hydroxide containing the dis-

- persed colloidal alumina was filtered, washed, and re-

20

alloys, containing 10 to 90% titanium are included in

~ this group as are molybdenum-niobium and tungsten-
- niobium alloys.

The latter alloys can be conveniently

duced in a tube furnace with hydroe'en, until substantially
all of the oxygen from the copper hydroxide was elimi- .

- nated. Amnalysis of the resulting reduced metal powder:

prepared by the powder blending process above described, |

- using a molybdenum-filler masterbatch blended with nio-

bium metal powder and a precrprtate-rormmg phase.
Products of the invention in which the precipitate phase

is a metal aluminide are also especially useful. Alumi-

25

num forms intermetallic compounds which are light in

weight and oxidation resistant. . To make a product of
this type one can, for example, add a lanthana-nickel

- masterbatch to powdered aluminum, thereby obtaining
© aluminum-nickel-lanthana compositions.

Similarly, one
can prepare aluminum-copper alloys, aluminum-nickel-
‘cobalt alloys, aluminum-iron alloys, and alloys contain-
and molybdenum

UTILITY OF THE PRODUCTS

The metal products of thrs mventren are espeelally
“useful for fabrication into components which must main-
tain dimensional stability under heavy stress at high tem-
By “high” temperatures is meant temperatures
0.5 to 0.8 times the melting tem-

in the raﬂge of from
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tion of the copper.
‘that the particles were still of colloidal size, and a nitro-
gen surface area run on some dry powder recovered by

containing dispersed colicidal alumina within it showed
that the sample consisted of 88.7% copper and 9.7%
Al;0;, this eorreSperldlnﬂ 1o a Ieadrng of . 19 6% by vol-
ume of Al,O, 1n the copper.

A portion of this material was dlsselred in acid and
electron micrographs were run on the resulting solation
after dialyzing out the acids and salt left by the dissolu-
The electron micrographs showed

this technique indicated that the mean partrele diameter

- was about 30 millimicrons.

29
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This copper powder was used to prepare a eopper—-_

-alemum alloy which had the composition of the com-

mercial alloy known as 24S alloy. This alloy has 4.5

parts of copper, 1.5 parts of magnesium, 0.6 part of

manganese, and 93.4 parts of aluminum. The experi-

‘mental alloy was of identical composition, except for the |

 alumina contained inside the copper powder.

| perature in degrees abselute, ef the metal in the eorn- |

position. .
Metal preduets ef the type abeve descrlbed for use at

Such blades operate
The tip sections,
um

aking blades for gas turbines.

‘and the vanes co-operative therewith, are at maxi
 temperatures which are so high as to tax the capabilities
- of the most heat-resistant metals hitherto known. The

 root sections, on the other hand, operate at relatively

~ lower temperatures but must bear the highest stresses.

“The modified metals of the. present invention are ideally
suited for such uses as in gas turbines because they have
- maximum strengths, as compared with other metals, both -

at hrghest temperatures and at intermediate temperatures

| Tt is believed that this high-temperature capability - is
~ primarily - attributable to the presence of the dispersed

- refractory oxide particles, and that the extreme strength

45

' - extremely high temperatures can be used, for instance,
o in n
- under extreme temperature gradients.
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‘The metal components of this alloy were ‘melted and )
brought to a temperature of 815° C. and mamtamed n
the molten staté for a period of thirty minutes. The mix-
ture was then air quenched and errtraded mto rods- ap-
prm(lmately one-fourth inch in diameter, from an initial
size of one-inch diameter. This extrusion was accom-
phshed at a temperature of about 4506° C. The alloy was
then given a solution heat treatment in the temperature

range of from 488° C. to 499° C. for a period of three
~ hours.

 cipitation-hardened at room temperature over a period of

It was then quenehed m cold water: and pre-

three days. This cycle of ‘heat treatment correspends.
fo the so-called T-4 condition. During this sequence of.

“operations precipitation hardening occurred by reason of

- the combining of some of the copper and alurnrnum in
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at intermediate temperatures is primarily attributable to
the precipitate phase, but it is also evident that there is

a co-operation between these aspects to give metal prod-
ucts having useful properties unexpected from. a con-
sideration of each of these aspeets separately.

EXAMPLES

- The invention will be better understood by reference
to the follewmg 111ustrat1ve e}{amples

Exam pl e I
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70

This example deserrbes the applrcatron of A Process

- of the invention to the preparation of an alley of copper

and aluminum centarnme alumma (Aleg) as the dis-

- situ as copper aluminide. o
The tensile strength of this alloy was tested at a tem-.' .

perature of 600° F. and was shown to be 24,000 p.s.i.
A commercial alloy of the same composition but con-

’ tammg no alumina has a tepsﬁe strength of about 7,000

p.s.i. at this temperature This example shows the con-

siderable improvement in tensile strength which can be

brought about by the inclusion of only 0.7 volume per-
e...,nt of a e01101da1 alumma mn an alumina- -COpper alley |

Exam ple 2

A -soiution’of niekel nltrate Was prepar'ed by dissolving

4362 grams of nickel nifrate hydrate, Ni(INQO;)..6H,0,
in water and diluting this to 5 liters. A thoria sol was
prepared. by  dispersing calcined - thorium oxalate,
Th(Cy04)s, In water containing thorium nitrate. The

- thoria in this sol consisted of substantially discrete par-

, ticles having an average diameter of about 5 to 10 milli- -
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 microns. A 58-gram porticn of this colloidal aouasol
(26% Th{,) was diluted to 5 liters.

To a heel containing 5 liters of water at room tem-
perature, the solution of nickel nitrate, the diluted thoria
sol, and ammonium hydroxide-ammonium carbonate solu-
tion were added as separate solutions, simultaneously and
at uniform rates, while maintaining good agitation, where-
by precipitation of the nickel and thoria was effected.

During the precipitation, the pH in the reactor was main-

tained at 7.5. A precipitate of nickel hydroxide-carbonate
was thus deposited around the thoria particles. The re-
sulting mixture was filtered, and washed to remove the
ammoniuom nitrate., The filter cake was dried in an oven
at 300° C, | | S

The product obtained was pulverized in a hammer-
mill to pass 325 mesh, placed in a furnace, and heated
to a temperature of 500° C. Hydrogen was slowly
passed over

the powder at such a rate that sufficient

>

10

12

larly the depth of peneration of attack after oxidation at
1800° F. is considerably smaller than that of wrought
nickel, o |

An electron micrograph picture was prepared to show
the distribution of thoria and nickel aluminide in the
thoria-nickel-nickel aluminide sample. The micrograph
showed that there were regions in which there was a
nomogeneous distribution of thoria in the nickel. With-
in these areas there were nickel aluminide particles also
homogeneously dispersed.

'The electron micrographs were prepared as follows:
A one-fourth-inch rod of nickel containing dispersed

~ thoria and nickel aluminide was cut and the cross section

15

hydrogen was added to the nickel oxide theoretically to

reduce it in a period of four hours. The flow of hydrogen
was maintained at a steady, uniform rafe during this re-
duction procedure for eight hours.
perature was raised to 700° C. and the flow of dry, pure
hydrogen was greatly increased, and finally the tempera-
ture was raised to 900° C. to complete the reduction and
to sinter the reduced powder.

The resulting powder had a surface area of 4 square
meters per gram and a bulk density of 2.3 grams per
milliliter. The powder contained 2% ThQO, by volume.

Ninety-three parts of the thoria-nickel powder were
blended with seven parts of aluminum powder as a com-
poaent to react with some of the nickel powder to form
a nickel aluminide phase during subsequent processing.

The blended powder was then passed hydraulically at 30

tens per square inch to a billet one inch in diameter and
two inches long. -

The billet was next smtﬂred in very pure hydmgen
(completely free of oxygen and nitrogen and having a
dew point below —70° C.) for twenty hﬁurs at 550° C.
and five hours at 1200° C,

The sintered billet was then heated to 2200° F., dropped
into a container at 1100° F., and then extruded fmm the
container through a die baving a 90-degree throat, to a
one-fourth inch rod. Thus, hot working was carried out

at temperatures high enough to achieve solution treat- -
The extruded rod was heat aged at 600° C. for |

ment.
twenty-four hours.

The strength of the mckel-mchel aluminide-thoria
product was improved over that cf pure nickel, nickel-
nickel aluminide or nickel thoria. The improvement in
0.2% vyield strength was partlcularly noticeable at 900 to
1500° F. Comparative data 13 shown 111 the tollowing
tabulation: |

- Yield Strength (n.s.i)
Composition ' -
650° F. | 1,300° F. | 1,800° F.
Nmkel-_______-__ __________________ 17, 030 8,000 1, 500
- Niekel—-2% o e 1,000 11, 0G0 g, 000
Nickel—79% Al as aluminide. . __._ 3?’ 000 fooeoae B, 000
Nickel—29% ThO:—7% Al as |
alominide eIl 11.,-, 000 48, GO0 16,000
100 Hr. Stress Rﬁpture, p.s.i.
050° . | 1,300° 7. | 1,800° F.
Ni—2ThQq. . e 11, €00 8, 000 4 (00
NIi—2ThOe—7 Al s 44, 000 11,600 4. 200

20

Thereaiter, the tem-~
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Another improvement by which the product of this
example is characterized is that of oxidation resistance.
The oxidation rate at 1800° F. in air, as measured by
gain in weight, is slower for the product of this example

than for a wrought nickel,

unpmodified control.

Simi-

times picture was plainly observable.

grains.

- (NH,)2CO;3 solution.

was mounted in Bakelife and mechanically polished.
‘The polished surface was cleaned and dried in ethyl alco-
hol.,  The samples were electrolvtically etched in 10%
41 in ethyl aleohol. After chemical etching the sam-
ple was placed 1 a vacuum evaporator. Two carbon
rods were brought together within the evaporator and
current applied until sputtering occurred. A very thin
film of carbon was deposited upon the etched surface as
the sputtering occurred,” The carbon-covered surface
was scribed into one-sixteenth-inch squares with a sharp
cutting blade. -

The scribed sample was placed in a culture dish con-
taining a 1% solution of bromine. The carbon squares
were freed from the surface of the metal by chemical at-
tack. They floated to the surface of the solution, were
picked up on electron microscope screens (250-mesh
S/8 wire), and viewed in a Phillips EM-100 thres-phase
giectron microscope.  Alternatively, samples could have
been viewed as polished, |
~ The solution of bromine was used to remove the car-
bon because it would attack the base metal and not do
damage to the oxzide, or the carbon replica.

All samples were photographed in the electron micro-
scope at a film magnification of 1,250 times and 5,000

times, respectviely. Prinis at 5,000 times were made

from 1,250 times negative and at 20 00 times from the
5,000 times negative. |

- The presence of grain boundarles (lines) in the 20,000
In the areas where
thoria filler particles were present, these grains averaged
about 2 to 4 microns in size. The ThO, particles were
about 0.1 micron in size. In the areas where there was
no filler, the grain size was in the range of 50 microns
and greater, or about tWﬂnty-ﬁve fold that of the filled

Example 3

A samiple of iron powder containing 5 volume percent
alumina, Al;Oj, was prepared by a method similar to the
process of Example 2, using a dispersion of Al;O; in
dilute HNO; in place of the ThO, sol and Fe(NO3); so-
lution in place of Ni(NOj3),. The Al,O; dispersion was
prepared by slurrying a commercial Al,O; powder in

very ditute nifric acid, colloid milling and discarding the

fraction which settled in a ten-inch column over a period
of twenty-four hours, |

 The Fe-Al,0Q, powder, completely free of iron oxide,
was blended with carbon in an amount to give 0.3%
carbon in the alioy. The blended powder was processed
by hydrostatic pressing at 200,000 p.s.i., sintering for
twenty hours at 1350° C., and finally extruding to a 16:1
reduction ratio at 1900° F. The extruded rod was heat
aged at 800° F. for five hours.

- Example 4

- A nickel-chromium-thoria powder, containing 2 vol-
ume percent thoria, was prepared according to the teach-
ings of Example 2. Initially, three feed solutions were
used: (a) 4580 grams Mi(INOj3),.6H50 in 6 liters of dis-
tilled water, (b) 147 grams of 20.2% ThO, sol diluted
to 6 lifers, and (c¢) 12 liters of two-thirds-saturated
~The pH at the end of the feed




| " to have a defrimental
- of the metal alloys.

'E_a

addltIOIlS was 7.0. Thereafter twe feed streams were
added (a) 1698 grams Cr(NO;);.9H,O diluted to 6

liters and (b) 6 liters of twe-thlrds-saturated (NH,;) ;,-,COE |

selutlen The final pH was 7.0.

The wet cake, recovered by ﬁltlattefl Welghed 850{)-
It was dried at 125° C. overnight and then

grams.
heated to 450° C., and micropulverized to pass 100 mesh.

" Fourteen hundred thirty-two grams of the pulverized .
mixed oxide powder was blended with 53 grams of car-
bon, and the mixture placed in a reduction furnace.

‘Clean, dry hydrogen was passed over the sample at the
“rate of 5 to 8 liters per minute, and the temperature was
- held at 500° C. for sixteen hours. |
was continued, and the temperature raised to 1080° C.
After seventy-two hours the dew point of the effluent hy-

drogen was —50° C. The furnace was- ceeled to reom‘

- temperature and the sample removed.
The reduced Ni-Cr-ThQO, pewder analyzed 2. 1%

ThOg, less than 0.01% carbon, and less than 0.01% oxy- R
20

gen in excess of the oxygen as ThO,. This powder was

3,180,727
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30% by velume of a dlseentmueus phase of subm1eron,
refractory metal oxide particles having a AF at 1000 C.
greater than 99, and (3) from 0.05 to 80% by volume

of submicron, precipitated particles of a substance se- - '
~ lected from the group consisting of metal carbides, bor- |

- ides, nitrides, silicides, aluminides and titanides and boron

10 -
| ceutent is less than 0.1% by welght

The flow of hvdrogen _

15

blended with WWNizAl powder, 100 paris by weight of

- Ni-Cr-Th0O, being added to 60 parts of N13A1 powder.

The blended powder was pressed, sintered, and extrud-
ed, as in Example 2. The extruded rod was solution
25.

treated at 1200° C., quenehed and then heat aged at
750° C. fer smteen heurs | |

- Exampfe- 5 '

O _Exeesswe gr'a:l.'n 'g;ewth 1n - metal alloys required " te

~ have high strength at very high temperatures is known

which the carbide does not dissolve.

~ nickel-base. alleys the alley must be heated above 1950°
. F. to disoslve +/, but it ‘must not be heated abeve 2150°
F. lest the carblde dlsselve and exeesswe gram growth_

- gecur. -

In this example, metal spee1me11s eentalmng 2% ofj

thoria and 8.0% of alummum, both by Welght ‘prepared

by procedures described in Example 1 and in which the

~ . the aluminum was presentas nickel aluminide, were heated
to 2200° F. and 2372° F., respectively, after extrusion.

| They were aged at 1030° F. The ultimate tensﬂe strengths

aphic

~ examination showed that grain, growth had not taken:

nlace in either alloy. Thus, one can heat the products

at 950° F. were 108,000 and 110,000, Metallogr

of the present invention to higher solution temperatures

by reason of the presenee of the dlspersed reflaetory-

oxide particles,

This apeheatlen 1S a centlnuatmn-m-part of our co-

pending prior U.S. application Serial No. 93,267, filed 55

March 3, 1961, as a. centmuauon-m—part of our then

effect on the mechanical properties
‘Researchers have so: ught to control -
the grain size by carbide phases which do not dissolve’
‘when the metal system is solution treated. Solution-treat-
- ing temperatures are thus limited to the tempertures at
Henee, for most

nitride and carbide, the oxygen content of the composi-

- tion 111 excess of that preser*t in the sa1d refractory e:x.lde

2 A eempesttmn of claim 1 in which the EXCESS oxygen '_

3. A composition of claim 1 in whleh the prepertlon |

- of precipitated particles is from 0.5 to 60% by volume.

4. A composition of ,pJ.ElllIl 1 in which the continuous
metal phase is at least ¢ne metal selected from the group

consisting of copper, nickel, cobalt, iron, melybdenum, o

tungsten and chromium. |
5. A nickel composition having mlproved hlgh -tempera-

- ture properties, the eemposltten conmstmg essentially of
(1) a continuous phase of nickel in which there is dis-
persed (2) about from 2 to 10% by volume of a discon-

tinuous phase of submicron thoria particles, and (3)

~about from 0.5 to 60% by volume of submicron, precipi-
tated nickel aluminide particles, the oxygen confent of-

the composition in excess of that present in the thorla |
being less than 0.1% by weight. - .
~ 6. A copper composition having 1mpreved hlgh-tem-' |
perature properties, the composition eenslstmg essentially

of (1) a continuous phase of copper in which there is

| _dlspersed (2) about from 2 to 10% by volume of a dis- -

continuous phase.of submicron thoria particles, and (3) |

about from. 0.5 to 60% by volume of submicron, precipi- |

tated copper aluminide particles, the OXygen content of '.

the cempesﬂien in excess of that present in the ‘thotia.

being iess than 0.1% by weight.

7. In a process for producing metal compositions hav--

% ing improved high-temperature properties by reason of .

40 -

the presence therein of a dispersion-hardening phase and
2 prempitatlen-hardemng phase, the. steps comprising (1)

" preparing a dispersion of from 0.5 to 30% by volume

of a discontinuous phase of submicron, refractory metal -

- oxide particles having a free energy of formation, AF, at

- 1000° C. greater than 99 kilocalories per gram atom of

- oxygen in the oxide, said dispersion being in a continuous

45

phase of a metal 'having a melting point above 600° C.

and having an oxide with a AF at 27° C. of from 35 to

103, this d1sper51en being ‘in powder form and hawng' o

an oxygen content, in excess of that present in said refrac-

~ tory. oxide particles, less than 0.5% by weight based on

50

- duced, (2) mixing the dispersion powder with the com-
_- penents of the precipitate phase to be formed in the metal, - -
- the precipitate phase being a substance selected from the |

copending but now abandoned apphcatmn Serial No..
703,477, ﬁled December 13, ‘1957, as a centmuatmn—m—‘-

part of our then copending but now abandoned applica-

tion Serial No. 637,746, filed Febroary 1, 1957, as a

60

continuation-in-part of our then copending but now .

abandoned appheatmn Serial No. 595,770, filed July 3,

1956, the said prior appheatlen Serial No. 93,267 being

~ also a continuation-in-part of our then copending but
~ now abandoned application Serial No. 6,160, filed Febru-

the total ultimate weight of the composition to be pro-

group consisting of metal carbides, borides, nitrides, sili~ -
cides, aluminides and titanides, and- ‘boron nitride and

-carbide, and the proportion of said components being
~ stoichiometrically eqmvalent toc an amount of said pre- -
_cipitate phase which is from 0.05 to 80% by volume of
the mixture, (3) heating the mixture to a temperature, Ty,

higher than the solvus temperature, T, of the precipi-
tate phase and holding at temperature T; until all com~

. ponents of the preeipitate' phase have passed into solu~

- 65

ary 2, 1960, as a continuation-in-part of our then. co-

) | -~ pending aforesaid appheatwn Semal No 703, 477

‘We claim: - |
1. A metal eompos1t1011 havmg HIlpI‘OVEd hlgh—tempera-

~ ture properties, the composition consisting essentially of
(1) a continuous phase of a metal, said metal having a -
nelting point above. 600“ C. and an oxide with a free

energy. of formation, AF, at 27° C. of from. 35 to 103

kilocalories per gram atom of oxygen in the oxide, there

‘being dispersed in said metal phase both (2) from 0.5 t_o’-_7:5. :

703:_”'

2793, 949

| tmn, (4) cooling the solution to a temperature, Ty, which:

is at least 200° C. lower than T, in less than one-hundred

seconds, and (5) agmg the so-obtained product at a tem- =
- perature, T, which is up to T in degrees absolute.

8. A composition of claim 4 in which the submlemﬁ,'
prec:lpltated partleles are ehrommm earblde |
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